ABSTRACT Proton magnetic resonance has been used to monitor binding of choline, a known partial agonist, to acetylcholine receptor-enriched membrane preparations from Torpedo californica electroplax. The interaction between choline and receptor led to a broadening of the resonance of the choline methyl groups and this effect was reversed by a-bungarotoxin, a quasi-irreversible antagonist of the acetylcholine receptor. From the concentration dependence of line broadening the equilibrium dissociation constant for choline was obtained (Kd = 190 ± 65 M). The temperature dependence of the parameters observed in the choline titrations gave an enthalpy of binding AH < 1.5 kcal/mol and allowed estimates for the dissociation rate constant of the receptor-choline complex (kdiss > 1.6 X 103 S') and the respective activation energy, Ea (kdis) -5.5 kcal/ mol. The association of other ligands with the membrane-bound receptor could also be studied by observing effects of varying concentrations of such ligands on the choline methyl group linewidth at a constant choline concentration.
In recent years the application of NMR methodology to biological systems has yielded a wealth of information regarding structural and functional aspects of enzymes and proteins in solution. This has been achieved mainly by approaches such as direct observation of nuclei of constituent amino acid sidechains of the macromolecules or observation of perturbations of ligand nuclei exchanging between free and bound states under different sets of conditions. In order to extend such methods to the study of membrane-bound macromolecules, the second approach is the more feasible provided that (i) a high concentration of membrane-bound ligand binding sites can be obtained, (Hi) a ligand is available that is readily observable by using current NMR instrumentation, and (iMi) the ligand binding parameters are suitable for study of the exchange between free and bound states.
The third condition is not fulfilled by agonists such as acetylcholine (AcCho) and carbamylcholine (Carb), because these ligands have too high an affinity for the AcCho receptor (AcChoR) under equilibrium conditions. However, all the necessary conditions are met by using choline as a ligand that binds to membranes highly enriched in the postsynaptic nicotinic AcChoR. Titration of membrane fragments enriched in AcChoR (1-3) with choline, a known partial agonist (4), has allowed determination of the choline dissociation constant from the concentration dependence of the observed linewidth, because nonspecific broadening was determined to be negligible by similar titration of membrane fragments in which the AcChoR agonist binding sites were blocked with a-bungarotoxin (a-BuTx). The temperature dependence of the dissociation constant and that of the methyl linewidth at a fixed choline concentration contained the data necessary for determination of the enthalpy of binding and for estimation of the apparent dissociation rate constant and the respective activation energy. Thus, it is possible to apply a highly informative spectroscopic technique to the study of membrane-bound receptors for elucidation of structural and kinetic properties.
METHODS AND MATERIALS Torpedo californica membrane fragments were enriched in AcChoR by using sucrose density-gradient centrifugation with a Beckman reorienting-gradient rotor (3). The enriched membranes were then centrifuged at 100,000 X g, and the pellet was resuspended in 0.01 M sodium phosphate buffer made with 99.7% 2H20. After a minimum of 2 hr, the membranes were again pelleted and resuspended in 0.01 M sodium phosphate buffer made with 100% 2H20 (Bio-Rad). This last procedure was repeated and the preparation was then homogenized twice for 30 sec with a VirTis 23 homogenizer operating at maximal speed. Final a wide (n15 Hz) line was observed and, as the ratio of choline to AcChoR was increased, the observed linewidth decreased until an apparently constant value was obtained when the choline to AcChoR site ratio was on the-order of 100:1. When the same experiment was performed with membrane fragments that had been treated with a-BuTx, a constant and narrow linewidth was observed, independent of the choline concentration. These observations are consistent with the hypothesis that the linebroadening was due to a specific interaction of choline with the AcChoR. No change in chemical shift was observed, and it was considered that this quantity was the same for both bound and free states. In the case of weak binding (see below), the free species is the one observed and, if there is only one bound state, the equation describing the-linewidth is:
7r(T2b + tb) [1] where Fobs is the width of the observed lorentzian line at half its height, rF is the width of the line under conditions in which the specific broadening is abolished, lb/lo is the fraction of the ligand bound (with free ligand in great excess over bound), and T2b and tb are the spin-spin relaxation time and average residence time of the bound ligand, respectively (6) . At a given temperature, T2b and tb are constant, and the observed broadening is solely a reflection of the fraction of the ligand bound. Thus, the dissociation constant for the ligand may be obtained by plotting (robs-rF)-versus total ligand concentration, lo, ( Fig. 1 [2] Here, ro is the total concentration of binding sites and Kd is the apparent dissociation constant of the complex. Several titrations of choline-receptor association at different temperatures were conducted to determine the thermodynamic parameters of the interaction between choline and the AcChoR. For the equilibrium constant little or no temperature dependence was found within our limits of error (Table 1) , and it was concluded that AH for this binding was small.
The temperature dependence of the slopes (S) of the semireciprocal plots, as in Fig. 1 lower, also contains important information:
The two parameters, T2b and tb, are expected to have opposite temperature dependences (7, 8) . We observed a decrease in slope with increasing temperature (see Table 1 ) and an increase in the observed linewidth at low saturation of the AcChoR with choline. This indicates (see Discussion) that tb > T2b. Because tb, the lifetime of the complex, is equal to I/kdiss, where kdiss is the (apparent) dissociation rate constant of the complex, one estimates from the data in Table 1 (9, 10) or Electrophorus (11) membranes. Therefore, addition of the agonist Carb should reduce line broadening due to its interaction with the binding site of the ligand being observed (choline). Because Carb affinity for the receptor is much higher than that of choline (10, (12) (13) (14) , a low concentration of Carb would be undetected in the NMR spectrum but would be expected to narrow the choline signal substantially. This behavior was-observed, and a complete titration with Carb at fixed choline concentration (Fig. 3) resulted in an apparent Kd for Carb of 3.5 I 0.1 AiM when the data were plotted by using Eq. 2. This value must be corrected for the effect of choline competition by using the It has been shown that monovalent cations decrease the second-order rate constant for 125I-labeled a-BuTx binding to (15) and the affinity of the fluorescent antagonist 1,10-bis(3-aminopyridinium)-decane diiodide for (16) solubilized purified AcChoR. Both of these studies showed that monovalent cations have apparent binding constants of 5 mM. On the other hand sodium chloride, in the 5-50 mM range, had little or no effect on the binding-of the agonist AcCho to solubilized purified AcChoR (T. Moody and M. A. Raftery, unpublished results). *By using the same methods employed for Carb, we obtained a Ki (apparent) for NaCl of 260 + 10 mM, indicating a much weaker effect of salt on the binding of the partial agonist choline than was observed on the binding of antagonist (see above).
The dissociation constant for choline was also determined by inhibition of the kinetics of 125I-labeled a-BuTx-AcChoR association (12) (12) and about 25 jiM by using the fluorescence probe ethidium (13, 14) . An analogous effect was observed for Carb, for which we found Ki = 0.5 + 0.1 jM from competition with choline in our NMR experiments in deuterated, calcium-free buffer compared to 0.33 i 0.05 jiM by using radiolabeled Carb in calcium-free protiated buffer (M. Schimerlik [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] kcal/mol) which was overcompensated by unusually large positive changes in entropy, AS -100-120 J/(mol.K) (22) .
Further kinetic results can be inferred from the observed temperature dependence. The denominator of Eq. 1 is the sum of two terms, T2b and tb. Because 1/tb is the average exchange rate of the ligand-receptor complex, the data obtained from a titration allows us to place a lower limit on the exchange rate. How close this limit is to the actual value depends on the contribution T2b makes to the denominator. T2b is not easily evaluated; however, the temperature dependence of the linewidth gives a good indication of the relative sizes of T2b and tb due to their opposite temperature dependences (7, 8) . The exchange rate (1/tb) increases with temperature, exposing a larger proportion of the total choline spin population to the bound environment, and this results in a broadening of the observed line as temperature increases. T2b is expected to have the opposite behavior because the faster molecular motions associated with higher temperature usually result in decreased effectiveness of relaxation processes and thus larger values for T2b (7, 8) . A system in which T2b was the dominant term in Eq. 1 would be expected to have a decreased linewidth at higher temperature. Our observation that the linewidth increased with temperature ( Fig. 2) indicates that tb is the dominant term, and, therefore, we may place meaningful lower limits on the dissociation rate of the agonist from the receptor complex. The dissociation rates determined ( 
